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INTRODUCTION
Developments in machine tools tend towards high speed technology, including high-speed machining (HSM) and high-speed cutting (HSC), especially in high speed end milling applications [1] and [2] . High speed technology applications in machine tools are characterised by a high feeding speed, low axial and radial cutting depth, increased metal removal rate, simplified processing, and reduced costs. The thermal effect of workpieces is insignificant since cutting chips remove most of the heat induced by processing, and hence cutting oil is seldom used. This trend contributes to environmental protection efforts. Only a small amount of cutting fluid is available to lubricate green cutting. The primary deformation zone is significantly heated and bears the cutting force. Therefore, major green cutting methods include tool materials, coating technology, tool geometry design, chip control, coefficient of tool-face friction with the workpiece, and selection of cutting. Green cuttingrelated developments and applications depend on technological advances in machinery and cutting tools.
The grinding precision of cutting tools is determined by the surface roughness of the rake face and relief face, in which precision essentially affects the surface roughness of a workpiece and the tool life during high-speed milling. Generally, a cutting tool manufacturer evaluates the quality of grinding, first, with respect to the surface finish of end-mill, and then with by the geometrical profile. The surface finish, which influences the abrasion of the endmill, lubrication, accuracy, and tool life expectancy, depends on the surface roughness of the rake face and relief face.
As the most important and the final procedure in manufacturing, grinding of cutting edges is also critical in determining geometrical shapes, cutting performance, wear on the cutting edge, and tool life [3] . Shaji and Radhakrishnan [4] analysed the grinding parameters with respect to surface characteristics, e.g., wheel, workpiece, processing, and mechanical parameters. Yin et al. [5] examined ultraprecision grinding of cemented carbides from a microstructure perspective. Kwak [6] diagnosed errors in surface grinding processing by Taguchi and response surface methods. Nguyen et al. [7] simulated impact parameters of the precision grinding process.
Owing to its efficiency and systematic approach, the Taguchi method has been extensively adopted in parameter design and experimental planning [8] . Despite its application in optimizing process parameters [9] to [13] , the Taguchi method is unsatisfactory for handling multiple performance characteristics. In this study we attempt to derive an efficient solution to overcome the above problem.
Grey relational analysis based on the Taguchi method can be adopted to elucidate the complex relationship among the designated performance
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Performance for High-Speed Machining characteristics. Through this analysis, a grey relational grade is favorably defined as an indicator of the multiple performance characteristics for evaluation. Grey relational analysis is a highly effective means of analysing processes with multiple performance characteristics [14] to [18] . This paper is schemed as follows. In Section 1, we will describe the analysis method. Then, in Section 2, the importance of the surface roughness of the relief face in the workpiece will be investigated. In Section 3 the optimal experimental design and results will be summarized. Section 4 and 5 will describe, the result analyses, discussions and conclusions.. The end-mill with a the-lower-the-better condition can produce improved machining quality and tool life. Therefore, in this study, processing parameters are estimated by adding in the surface roughness of the relief face of an end-mill to the other other processing parameters, which include cutting speed, feed per tooth, axial cutting depth and radial cutting depth. Moreover, the characteristics of the cutting performance are the tool wear rate and the metal removal rate, which belong to the multiple performance characteristics. How to optimize the HSC process based on grey relational analysis and an analysis of cutting performance characteristics in end-milling for HSC are discussed in detail.
ANALYSIS METHODS

Signal-to-Noise Ratio
The Taguchi method is a simple and effective solution for parameter design and experimental planning [19] . In this method, the signal-to-noise (S/N) ratio is used to represent a performance characteristic in which the largest value of the S/N ratio is required. The three S/N ratios are the lower-the-better, the higher-thebetter, and the nominal-the-better. The S/N ratio with a lower-the-better characteristic can be illustrated as follows:
The S/N ratio with a higher-the-better characteristic can be expressed as follows: log , where y ij is the i th experiment at the j th test and n is the total number of the tests, in this study n = 2.
Grey Relational Analysis
Grey relational analysis initially generates data preprocessing to normalize the raw data. Here, the S/N ratio is linearly normalized in the range between 0 and 1, which is also called grey-relational generating [20] . The normalized S/N ratio x ij for the ith performance characteristic in the jth experiment can be described as follows:
where i = 1, …, m; j = 1, …, n. m denotes the number of experimental data items and n represents the number of parameters, with m = 18 and n = 2 in this study. Basically, the larger normalized S/N ratio corresponds to the better performance and the bestnormalized S/N ratio is equal to unity. In gray relational analysis, the evaluation of the relevancy between two systems or two sequences is defined as the gray relational grade. The local gray relation measurement refers to a situation in which only one sequence follows data preprocessing. The gray relation coefficient ζ ij for the ith performance characteristics in the j th experiment can be expressed as follows: 
where x i 0 is the ideal sequence for the ith performance characteristic; x ij represents the comparability sequence; ζ refers to the distinguishing coefficient, which is defined in the range 0 ≤ ζ ≤ 1, in this study ζ = 0.5.
The grey relational grade is a weighting-sum of the grey relational coefficients. It is defined as follows:
where γ j is the grey relational grade for the j th experiment, β k denotes the weighting value of the k th performance characteristic, and m the number of the performance characteristic. The gray relational grade γ j represents the level of correlation between the ideal sequence and the comparability sequence. In other words, optimization of the complicated multiple performance characteristics can be converted into the optimization of a single grey relational grade.
THE IMPACT OF SURFACE INTEGRITY OF THE END-MILL ON THE HSM
The grinding parameters (grit size of the diamond wheel, grinding speed, and feed speed) will directly affect the surface roughness of tool grinding. The dimensional accuracy and surface roughness of the rake face and the relief face will determine the precision of the cutting tool, which will influence the cutting performance of high-speed milling as tool wear, tool life, and surface roughness of the workpiece. Therefore, in this section, the importance of the surface roughness of the relief face in the workpiece will be investigated. Experiments are performed on a Papars B8 CNC machining center by upward milling operation with compressed air. Fig. 1 schematically depicts the HSC process.
The material compositions of DIN 1.2344 (Hitachi metals DAC) contain 0.39% C, 1.0% Si, 0.4% Mn, 5.15% Cr, 1.4% Mo, 0.8% V, 0.03% P, and 0.01% S, with dimensions of 200×100×100 mm. Table 1 shows the workpiece material properties. The typical uses of the material are hot work applications including pressure die casting tools, extrusion tools, forging dies, hot shear blades, stamping dies, and plastic moulds. End-mills with the same geometrical parameters are ground with different grinding parameters by a 5-axis CNC grinder (TOPWORK TG-5 Plus). TiAlN coating carbide end-mills with 4 flutes are also ground. The end-mills have the following dimensions: diameter of 8 mm, helix angle of 35°, radial rake angle of 8°, radial relief angle of 12°, axial rake angle of 4°, axial relief angle of 8°, end angle of 1.5°, and nose radius of 0.5 mm.
Geometrical dimensions, e.g. diameter, radial rake angle, radial relief angle, axial rake angle and axial relief angle etc. can be measured using a 5-axis CNC measuring machine (Zoller genius 3). The processing parameters are the surface roughness of the relief face (R), cutting speed (V), feed per tooth Table 2 .
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The experiment ends if flank wear (V B ) reaches 0.2 mm (ISO 3002/1). The measurement equipment for surface roughness is a Surfcorder SEF-3500 (Kosaka Laboratory). The described measurand of surface roughness is the arithmetic mean deviation of the surface roughness profile (Ra). In practice, the measurement was performed using an interval of 0.08 mm, a sampling length of 0.4 mm, and a feeding speed of 0.1 mm/s. The experimental results are listed in Table 2 .
Grinding Dimensional Accuracy
The radius of end mills, whose relief face will vary with different grinding conditions, have been finished according to different grinding conditions. After the end-mill has cut the workpiece for 1 minute and 150 minutes (cutting parameter: V = 251.32 m/min, F = 0.06 mm/tooth, Da = 1.0 mm, Dr = 0.75 mm), flank wear with better surface roughness will be less than that of the cutting tool with worse surface roughness, as shown in Figs. 3a, b and 4a, b.
The Relationship between the Relief Surface Roughness and the Surface Roughness of the Processed Workpiece
The relationship between the relief surface roughness and the surface roughness of the processed workpiece using HSC is illustrated in Fig. 5a , where the x axis signifes the cutting time and the y axis denotes the surface roughness of the workpiece. The diagram reveals that coverage of the cutting surface roughness of the workpiece will be smaller and steady, if the relief surface roughness becomes small. By contrast, the coverage of the cutting surface roughness of the workpiece will be larger and unsteady, if the relief Thus it has been proved that the relief surface roughness is an important parameter in highspeed milling.
EXPERIMENTAL DISIGN AND RESULTS
Experimental Design
The influences of the surface roughness of the relief face on the cutting performance using HSC and the optimal level determination of processing parameters will be analysed. The cutting performance of the end-mill for HSC is relevantly correlated with the processing parameters (the surface roughness of the relief face (A), cutting speed (B), feed per tooth (C), axial cutting depth (D), and radial cutting depth (E)), which are regarded as controllable factors in the study. The selected processing parameters and their assigned value of the level are listed in Table 3 . Here, the grinding parameters of A1 (0.23±0.03 μm) in this study are as follows: grit size of the diamond wheel = M25, grinding speed = 1650 m/min, and feed speed = 600 mm/min. The same parameters of A2 (0.43±0.02 μm) are as follows: grit size of the diamond wheel = D46, grinding speed = 1650 m/min, and feed speed = 900 mm/min. The tool grinding times are 621 and 405 s. Here A1 and A2 indicate the roughnesses of the tool coated with TiAlN after grinding. Selecting the orthogonal array involves the total degree of freedom of the processing parameters. The degree of freedom is defined as the number of comparisons among the process parameters required to optimise the parameters. Here one processing parameter is available for 2 levels and four processing parameters are suitable for 3 levels. This experimental arrangement does not consider the interaction among the processing parameters. The freedom of the processing parameter is the level minus one. Here, the total freedoms are 9 so the L 18 orthogonal array is utilized for the experimental plan. Table 4 shows the configuration of processing parameters according to the L 18 orthogonal array.
The tool life and wear rate of the cutting edge are analysed. The cutting performance can be evaluated according to the wear rate, which can be classified as peripheral and end wear rate. The metal removal rate governs the removal volume during cutting. A high metal removal rate is generally better, but decreases the tool life. Therefore, in this study an optimal method for processing parameters with a minimum wear rate and maximum metal removal rate has been proposed. The peripheral wear rate (TWR1), end wear rate (TWR2), and metal removal rate (MRR) are defined in the following equations.
TWR average width of flank wear
of peripheral cutting edg 1 = e e cutting time ,
TWR average width of flank wear of end cutting edge cutti 2 = n ng time ,
MRR total metal removal volums cutting time = .
Experimental Results
Based on the experimental layout as illustrated in Table 4 , the experiments are performed in series and each specific experiment is repeated two times. The procedures are described as follows: 1. The overhang length of the tools is selected at a fixed value of 20 mm. 2. The tool dynamic under test is required to be less than 0.02 G.
The eperiment ends if flank wear (V B ) reaches 0.2 mm (ISO 3002/1).
The cutting duration and volume of metal removal are then calculated. Peripheral and end flank wear quantity are measured using a OLYMPUS STM5-BDZ microscope. According to Eqs. (6) to (8), flank wear and metal removal rate can be analysed, with those results listed in Table 4 .
ANALYSES AND DISCUSSION
The optimisation issue of multiple performance characteristics is analysed by using the grey relation method. Optimal design of processing parameters is described as follows: 1. Experimental results converted into S/N ratio. 
Optimal Combination of the Processing Parameters
Performance characteristics are first converted into the S/N ratio using the Taguchi method. Using S/N quantity, optimal performance and minimal variance can be designed. A longer tool life generally implies a higher metal removal rate and better cutting performance. Therefore, the wear rate should be at a minimum and the metal removal rate should be at a maximum. The results in Table 4 are substituted in Eqs.
(1) and (2). Table 5 lists the S/N ratio of TWR1, TWR2, and MRR. The S/N ratio can be used for performance analysis. Moreover, a higher S/N ratio should improve the performance characteristics. Based on Eq. (3), the S/N ratio in Table 5 can be normalized for a better comparison. To compare with the original sequences (ideal sequences / (1, 1, 1)), they should be converted into grey relational coefficients by Eq. (4) so that the quantities range from 0.33 to 1. A higher relationship with a distinguishing coefficient leads to a higher distinguishing coefficient. The distinguishing coefficient is normally 0.5. By using Eq. (5), Table 5 shows the grey relation grade of multiple performance characteristics. According to this table, the grey relation grade of the second group is at the maximum (0.82), implying that its multiple performance characteristic is the optimum result in 18 groups. The grey relational grade for each level of the processing parameters is summarised and shown in Table 6 . In addition, the total mean of the grey relational grade for the 18×2 experiments is also calculated to be 0.596. Basically, the larger the grey relational grade, the better the multiple performance characteristics. However, the relative importance among the processing parameters for multiple performance characteristics still needs to be known, so that the optimal combinations of the processing parameter levels can be determined.
Analysis of Variance
Variance analysis is employed to determine the influence of processing parameters on multiple performance characteristics by a statistical method. Additionally, the F test and P test are performed to verify which end-mill for HSC process parameters significantly affects the performance characteristics. A P-value < α represents a significant difference. In addition, a larger F-value and a smaller P-value indicate more significant differences. In this study, the value of α is 0.05. Table 7 demonstrates that cutting speed (B) and feed per tooth (C) significantly affect the multiple performance characteristics, i.e. tool life and metal removal rate, because their corresponding F ratio is greater than 4.46, corresponding to the ratio of F 0.05 (2, 8) and P-value less than 0.05. The surface roughness ratio of the relief face is 3.87% from the results of variance analysis, therefore, this parameter is inconspicuous in terms of the influence of the cutting performance characteristics. The relative error is 9.57% so that in this experiment there are no important factors neglected. The results are thus satisfactory. Based on the above discussion, the optimal processing parameters are as follows: the surface roughness of relief face at level one 0.23±0.03 μm, cutting speed at level one 251.32 m/min, feed per tooth at level three 0.1 mm/tooth, axial cutting depth at level two 1.0 mm, and radial cutting depth at level two 0.75 mm.
Verification Experiments
After the optimal level of the processing parameters is obtained, improvement of the performance characteristics must then be verified by using these optimal processing parameters. Table 8 compares the results of the confirmation experiments using the optimal processing parameters (A1, B1, C3, D2, E2) obtained by the proposed method with those of the initial processing parameters (A2, B1, C2, D3, E1), as provided by Li-Hsing Precision Tool Manufacturing Company. According to Table 8 , tool life is defined as the total cutting time before the breakage of cutting edge of the tool or as the flank wear of cutting edge reaches 0.2mm (ISO 3002/1). This table also reveals a 5.37% increase in the tool life (i.e. from 169.43 to 178.53 min), a 75.62% increase in the total metal removal volumes (i.e. from 304974 to 535600 mm 3 ), a 66.67% increase in the metal removal rate (i.e. from 1800 to 3000 mm 3 /min), and a 43.14% decrease in the average surface roughness of workpiece (i.e. from 0.102 to 0.058 μm). Figs. 6a and b show the effects of cutting time on flank wear of the cutting edge under the conditions of the initial processing parameters compared with those of the final optimal processing parameters. Consequently, the verification tests reveal that the proposed algorithm for solving the optimal processing parameters decrease the average surface roughness of the workpiece and increases both the tool life and metal removal rate.
Influence of Cutting Performance on the Surface
Roughness of the Relief Face
The ranges of surface roughness of the relief face for this study are from 0.23±0.03 to 0.43±0.02 [μm] . Fig. 7 shows the integrity of the cutting edge enlarged 200 fold by microscope (OLYMPUS STM5-BDZ). In addition, it recognizes the integrity of the surface roughness of the relief face on the cutting edge of the difference. Importantly, Table 6 indicates that the surface roughness of the relief face using gray relational grade analysis for the difference is 0.041. In Table 7 , it can be seen that the surface roughness ratio of the relief face reveals a 3.87% difference from the results of the variance analysis. By comparing the results of the optimal processing parameters (A1 B1 C3 D2 E2) with those of the No.12 experimental processing parameters (A2 B1 C3 D2 E2), there is a 4.84% increase in tool life (i.e. from 170.29 to 178.53 min). From Figs. 6a to c, the effect of cutting time on flank wear of the cutting edge and surface roughness of workpiece under the conditions of comparing the No.12 experimental processing parameters with those of the final optimal processing parameters can be summarized. Therefore, the surface roughness of the relief face parameter is inconspicuous in terms of the influence of the cutting performance characteristics. There are two explanations for this result.
First, Figs 6a and b demonstrate that the surface roughness of the relief face has no significant influence on flank wear in HSC before 135 min of continuous cutting. In addition, as indicated in the Fig. 6c , the surface roughness of the relief face will essentially affect the surface roughness of the processed workpiece, i.e. with 48.21% decrease in the average surface roughness of workpiece (from 0.112 to 0.058 μm). However, the smaller surface roughness of the relief face (0.22 μm) will induce less flank wear and less surface roughness of the workpiece.
In terms of tool grinding, the surface roughness of relief face for this study will be set at 0.23±0.03 and 0.43±0.02 μm and the corresponding tool grinding times are 621 and 405 s, respectively. As mentioned above, grinding with the surface roughness of relief face at level 1 (0.23±0.03 μm) for the end-mill will lead to a 53.33% increase in grinding cost, but only a 4.84% increase in tool life. Due to a slight effect on cutting performance characteristics of the rough machining, A2 grinding conditions can be used to improve tool grinding efficiency.
CONCLUSIONS
From the above descriptions and analyses, the optimal processing parameters of DIN 1.2344 tool steel will be determined by grey relational analysis. Clearly, the optimal results are only given under conditions of HSC in DIN 1.2344 tool steel. The results can be summarized as follows.
1. The surface roughness of the relief face levels are set at 0.23±0.03 and 0.43±0.02 μm for this study. According to the variance analysis results, the surface roughness of the relief face of an endmill slightly influences rough machining in HSC for DIN 1.2344 tool steel. In addition, it will essentially affect the surface roughness of the workpiece, there being a decline of 0.054 μm in the average surface roughness of workpiece (i.e. from optimal processing parameters to No.12 experimental processing parameters). Therefore, A2 grinding conditions (grit size of diamond wheel = D46, grinding speed = 1650 m/min, and feed speed = 900 mm/min) can be used to improve tool grinding efficiency. 2. Based on an analysis of variance, the major controllable factors significantly affecting multiple performance characteristics, i.e. tool life and metal removal rate, are cutting speed and feed per tooth with a desired total contribution of 76.46%. 3. The optimal combination obtained from the proposed method is the processing condition with a surface roughness of the relief face of 0.23±0.03 μm, cutting speed of 251.32 m/min, feed per tooth of 0.1 mm/tooth, axial cutting depth of 1.0 mm, and radial cutting depth of 0.75 mm. The corresponding verification tests indicate an improvement of 9.1 min in tool life, 1200 mm 3 /min in metal removal rate, 230616 mm 3 in total metal removal volumes, and 0.044 μm in average surface roughness of workpiece from the initial parameters to the optimal parameters.
